This paper presents an experimental investigation of flow noise around a cylinder under combined cryogenic (290 to 120 K) and pressurized (110 to 400 kPa) conditions. The study consists of data acquired with a microphone array in the Pilot-ETW (PETW), a small scale wind tunnel for preliminary testing at the ETW site. To our knowledge, this is the first time that the microphone array measurement technique has been used under these combined pressurized and cryogenic conditions. The Mach number was in the range 0.15 to 0.3, and the Reynolds number (based on the cylinder diameter of 2 mm) was in the range of 7.6 · 10 3 −1.9 · 10 5 . The experiments demonstrate the technical feasibility of performing aeroacoustic measurements within the operated total static pressure and temperature range. The measured sound pressure shows a significant Reynolds number dependency. Additionally, a decibel correction, which takes account of the pressure and temperature effect in the test section on the radiated noise from the cylinder, is introduced and shows very good agreement with the measured data. Preliminary sensor tests have been performed to obtain the frequency response at different static pressures and different temperatures. The resulting amplitude response was shown not to be a linear combination of the amplitude response caused by varying the static pressure or temperature separately.
I. Introduction
The development of modern aircraft is expensive, so that any reasonable effort to reduce risks in the design process is highly desirable. A common way to minimize such risk is the measurement of small-scale models at full-scale Reynolds numbers in pressurized and cryogenic wind tunnels. As airframe noise sources are known to be dependent on the Reynolds number 1, 2 the main idea of recent research is to use aerodynamic wind tunnel tests and simultaneously measure aeroacoustic behavior at full-scale Reynolds numbers. In the past, Reynolds-number effects on airframe noise have been shown to exist in several studies performed in pressurized 1 and cryogenic 2 environments up to 466 kPa and down to 100 K, respectively. First measurements using the microphone array measurement technique in a mildly cryogenic pressurized environment (temperatures down to 226.5 K) were carried out by Stoker et al. 3 as a proof-of-concept effort to evaluate the feasibility of carrying out aeroacoustic measurements in a fully cryogenic environment. Subsequently, Stoker et al. showed that the equipment could be used in a mildly cryogenic environment and acoustic data could successfully be acquired. As previously presented by the author 2, 4 , the microphone array measurement technique for cryogenic application down to 100 K has been developed and successfully applied to a high-lift configuration. Those measurements took place at the DNW cryogenic wind tunnel located at the DLR Cologne site (Kryo-Kanal Koeln, DNW-KKK). In a cryogenic wind tunnel, one can achieve increased Reynolds numbers for small-scale measurements. To achieve real-flight Reynolds numbers, an additional increase of the static pressure is needed. For further development, the DLR is planning to perform microphone array measurements at the wind tunnel of the European Transonic Windtunnel GmbH (ETW). The ETW can provide real-flight Reynolds numbers by virtue of both decreased temperature and increased pressure. As one part of the project, aeroacoustic tests were conducted at the Pilot-ETW (PETW), a small scale wind tunnel at the ETW site used for preliminary testing. A microphone array consisting of 12 microphones was used for aeroacoustic tests on noise generated from flow around a cylinder under combined cryogenic (290 K to 120 K) and pressurized (110 kPa to 400 kPa) conditions. To our knowledge, this is the first time that the microphone array measurement technique has been used under these pressurized and cryogenic conditions. The preparation included preliminary sensor tests to obtain the frequency response at different static pressures and different temperatures. This paper is divided into two parts. The first part describes the sensor calibration performed in the cryogenic vessel of the ETW. The second part deals with the aeroacoustic testing in the PETW. It also includes the algorithms and the corrections for the cryogenic and pressurized test section.
II. Sensor calibration
At ambient conditions, high precision microphones show a linear frequency response. However, this response does not maintain its linear behavior when temperature and static pressure are varied. Until now, this non-linear response has only been investigated separately for each of temperature and static pressure variation. Tests on Brüel&Kjaer type 4136 microphones at various static pressures were conducted by Boeing 5 and showed some rather dramatic frequency response characteristic at high pressures. Those measurements culminated the design of the special sensor type 4138-W-001, which shows a less dramatic frequency response. Tests on Brüel&Kjaer sensor type 4944 at various temperatures were performed by Brüel&Kjaer and the ETW GmbH, from which the new cryogenic-type sensor 4944A arose. This microphone type was used as a reference for the temperature calibration of the microphones used for the microphone array measurements in the DNW-KKK. 4 In this work, a calibration measurement was performed using four of the 1/4-inch Brüel&Kjaer cryogenic condenser microphones of type 4944A. The frequency response was measured in the range from 500 Hz to 100 kHz under combined cryogenic and pressurized conditions. An excitation signal was simulated by electrostatic actuators in the cryogenic vessel of the ETW. The static pressure was varied in six steps from 110 kPa to 450 kPa and the temperature was altered in 7 steps in the range of 290 K to 120 K. The temperature was obtained via Pt100-sensors mounted on the microphone. The frequency response of the four microphones showed a negligible standard deviation for all measurement points and frequencies up to 70 kHz. Thus the mean value of the amplitude frequency responses of the four microphones is used in the following. The figures 1-3 show amplitude responses in decibels normalized to the amplitude response at T = 290 K and p stat = 110 kPa. Figure 1 shows the results for T = 290 K and various static pressures from 110 kPa to 450 kPa. For increased static pressures, an increased frequency dependency can be observed. The shape of the response curves becomes wavy and shows a change in response that goes from −14.7 dB to +2.9 dB for a static pressure of 450 kPa. Each frequency response shows one maximum (in the range of 20 kHz to 22 kHz) and one minimum (in the range of 53 kHz to 60 kHz). Figure 2 shows the results for p stat = 110 kPa and various temperatures from 120 K to 290 K. When temperature is decreased, an increased frequency dependency can also be observed and the shape of the response curves becomes wavy with changes from −8.7 dB to +7.5 dB for a temperature of 120 K. The frequency responses for that case show two maxima (in the range of 22 kHz to 25 kHz e.g. 75 kHz to 90 kHz) and one minimum (in the range of 42 kHz to 56 kHz). In contrast to the frequency response shown for changing static pressures, here differences in both the shape and the frequency ranges where the maxima and minima of the curvy responses appear can be found. The combined influence of the non-ambient static pressure and non-ambient temperature on the frequency response can be seen in figure 3 . When compared with the previously discussed results, the amplitude response varies more strongly with frequency and the wavy shape of the response curves show maxima and minima that go from −20.1 dB to +9.0 dB. As can be clearly seen, the amplitude response to variation of static pressure and temperature is not a linear combination of the amplitude response caused by varying the static pressure or temperature alone. 
III. PETW Measurements

A. Measurement Setup
A microphone array suitable for cryogenic and pressurized testing consisting of 12 microphones was constructed. A dummy window plate of the test section was used for the installation of the microphones. The 1/4-inch pressure microphones introduced in the previous chapter were used. In figure 4 the sketch on the left shows the dimensions of the plate with the microphones arranged on two arcs and spaced at logarithmic distances. This arrangement was chosen to obtain maximum side-lobe suppression for the beamforming analysis in the frequency range between 4 kHz and 10 kHz at ambient conditions. Additionally, two implementations for the microphone mounting were used to investigate the influence of the turbulent boundary layer on the SNR of the sensor signal. For the upper arc the microphones were flush mounted without a protection grid. For the lower arc the microphones were recess mounted to the surface, also without a protection grid, with the openings having a cone angle of 90 such as was used, for example, by Koop and Ehrenfried. 6 The right side of figure 4 shows a photo of the plate from the side which is exposed to the flow; here the two different implementations can be seen. The measurements were performed at the PETW wind tunnel located at the ETW Cologne site. The PETW is a continuous-flow wind tunnel with a 270.8 mm (width) × 229.2 mm (height) closed wall test section, thus making it a small scaled version of the ETW which is suitable for preliminary testing. The wind tunnel is capable of performing tests at varied temperatures down to 120 K and also at varied total static pressures up to 450 kPa. For the test setup, a single rod was used as an aeroacoustic noise source; the single rod placed in a homogeneous flow is a well-known aeroacoustic source. [7] [8] [9] The rod has a diameter of d = 2.0 mm and is mounted over the full height of the test section between floor and ceiling. In order to reduce the bending of the rod due to the relatively high flow velocity, the rod was fixed on the ceiling and placed under tension by connection at its lower end to a spring situated below the test section. In preliminary tests the cylinder was wrapped with wire over most of its length to eliminate coherent structures, only a certain specific length was left unwrapped (cf. Ahlefeldt et al. 4 ). Unfortunately, this setup led to signals with insufficient SNR to allow the propagated sound of the single rod segment to be differentiated from the interfering sources. Thus, in this study the cylinder is not wrapped with wire. As a result, the cylinder unwrapped over the full length cannot be treated as a compact source. This will be discussed in subsection B. Figure 5 shows two photos of the test section: on the right a view from outside the test section with the closed window and the microphone array mounted inside the window is given, whereas on the left side the test section can be seen through an open window. Measurements were carried out over a wide range of operational flow parameters. The temperature and static pressure were varied in the range 120 K < T < 290 K and 110 kPa < p stat < 400 kPa, respectively, using pure nitrogen as test gas for all measurements. The Mach number was altered in the range of 0.15 < M < 0.3. Microphone signals were simultaneously sampled by a data acquisition system located outside the test section with an A/D conversion of 16 bits and a sampling frequency of 120 kHz. The recording period for each measurement was 20 s. To reduce the influence of the low frequency wind tunnel noise, a high-pass filter with a cut-off frequency of 6 kHz was used. The attenuation of the filter is depicted in figure 6 . The measured data were corrected with regard to the filter response and the responses presented in the previous chapter for different static pressures and temperatures. The data were processed using an overlap of 50% and a fast-Fourier transform block size of 4096 samples, with a Hanning window, yielding a narrowband frequency resolution of 29.3 Hz. Figure 6 . Attenuation of the 6 kHz high-pass filter of the data acquisition system.
B. Algorithm
The array data were processed using the beamforming algorithm in the frequency domain to obtain the reconstructed source auto-powersẐ s on a grid at scan locations y f :
R DR denotes the cross-correlation matrix of the microphone signals dependent on frequency. The subindex DR denotes that the diagonal term of the cross correlation matrix R is set to zero. The sensor weighting by means of the matrix W was performed using the conventional beamforming approach. 10 This leads to a relative weighting of the sensors to each other which is inversely proportional to the source distance from the sensor. N denotes the number of microphones and H denotes the conjugate transpose. The phasor e with |e| = 1 describes the relevant phase shift based on the point source assumption under homogeneous flow conditions. The array output is calculated on a discrete grid with 111 × 111 grid points. The grid covers the region of interest in an observation plane up-and downstream from the cylinder position and has a resolution of ∆x = ∆y = 2 mm. The grid used in the present study can be seen in figure 7 . The calculation of the phasor e for the beamforming output involves the calculation of the speed of sound in nitrogen for different temperatures and static pressures:
R denotes the molar gas constant and m mol the molar mass. The slight change of the adiabatic index γ by ∆γ = 0.06 in the investigated temperature and static pressure range from 290 K to 120 K and 110 kPa to 400 kPa can be obtained from tabulated values of γ.
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Due to the fact that i) the spatial resolution of the grid in comparison to the observed frequency range is relatively high, and ii) only one source with a known directivity can be expected to be observed within the region of interest, the maximum of the beamforming output gives us a good reconstruction of the sound pressure level. Thus the sound pressure level spectra are obtained by determining the maximum in the beamforming outputẐ s (y f , ω) for each frequency. The measurement setup described in the previous section shows that the source -the cylinder -is positioned close to the microphone array and thus cannot be treated as a compact source. This will lead to different sources generated by the flow around the cylinder that are (dependent on Reynolds number) more ore less coherent with each other. Also the small dimensions of the test section in relation to the dimensions of the source will cause reflections that are not negligible. For the beamforming algorithm this will lead to a less predictable detection of the source(s) along the cylinder axis and an error affecting the determination of the sound pressure. However, in this proof-of-concept study for the application of the beamforming algorithm, these effects will be neglected; they should, however, kept in mind for the interpretation of the results.
C. Corrections
In a cryogenic and pressurized test section the acquired data are dependent on the different temperatures and pressures in the test section. For comparability, the influence of those quantities must be considered in terms of a correction. The evaluation of the measurements leads to a data set of sound pressures depending on the density ρ, the Mach number M , and the speed of sound a. Assuming a perfect gas, its density is described by the ideal gas law:
Both quantities, ρ and a, depend on the static pressure and the temperature and affect the radiated sound pressure. As has been shown by Phillips and used to process experimental data by Fujita and Hutcheson,
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the square acoustic pressure of the noise radiated from a circular cylinder of length l and diameter d in a homogeneous flow field can be expressed in the form
where r denotes the distance from the source to the receiver, u ∞ the free stream velocity and θ the angle normal to the flow direction. There are three Reynolds number dependent quantities: the Strouhal number St, the fluctuating lift coefficient C l and the spanwise correlation length Λ d . As introduced by Keefe 12 they can be summarized in the coefficient C S = St 2 C 2 l Λ d . Focussing on the qualitative dependence of p 2 on ρ, a, u ∞ and C S , equation 4 can be rewritten as:
or, in terms of the Mach number:
Besides the dependence of the sound pressure on Reynolds and Mach number, a variation of the density ρ and the speed of sound a also affects the sound pressure level. In a cryogenic and pressurized test section the variation of ρ and a is caused by different temperatures and pressures (see equations 2 and 3). Therefore, the decibel correction considering the different temperatures and static pressures (using equation 2 and 3) in the test section is calculated by: ∆dB = 10 log 10 ρa
with ρ 0 = 1.25 kg/m 3 and a 0 = 337 m/s (c and ρ for pure nitrogen at standard conditions p 0 = 101325 Pa and T 0 =273.15 K). Thus, with equation 7 the data acquired at different pressures and temperatures can be normalized. The correction is significant: −12 dB for the data recorded at p stat = 400 kPa and T = 120 K. The (ρa 2 ) 2 -correction from equation 7 is similar to that introduced by Stoker 3 for airframe noise measurement in a pressurized environment. Stoker uses a p 2 stat -correction. If the slight change of the adiabatic index γ is neglected (see equation 2 and 3) the (ρa 2 ) 2 -correction is equal to the p 2 stat -correction, independent on temperature variations. Deviating from that, Hayes 1 introduced a ρ 2 -correction for airframe noise. This approach is similar to that of the (ρa 2 ) 2 -and p 2 stat -correction as long as no temperature variation occurs (equation 3). Compared to our (ρa 2 ) 2 -correction for the cylinder, the ρ 2 -correction does not take the temperature variations into account.
D. Experimental Results
Source maps
The source maps were computed over the grid region shown in Figure 7 , using the beamforming method described previously. In order to demonstrate the influence of different temperatures and static pressures in the test section, the data are not corrected using equation 7. The source maps for four different measurement points at a Mach number of M = 0.25:
• T = 290 K; p stat = 110 kPa ambient temperature and ambient static pressure,
• T = 120 K; p stat = 110 kPa decreased temperature and ambient static pressure,
• T = 290 K; p stat = 400 kPa ambient temperature and increased static pressure,
• T = 120 K; p stat = 400 kPa decreased temperature and increased static pressure 
Vortex shedding region (St = 0.18)
The maximum sound pressure for all measurement points can be found in the third-octave band representing the vortex shedding region (St = 0.18). It can be seen that the source distribution representing the noise generated by the cylinder and the corresponding level are dependent on temperature and static pressure.
If the temperature at ambient static pressure is decreased ( figure 8 compared to figure 9 ), the source distribution at St = 0.18 changes from a distribution along the cylinder axis with a maximum on the floor for 290 K to a single spot in the centre of the cylinder axis for 120 K. The source level for both cases is almost equal. If the static pressure at ambient temperature is increased ( figure 8 compared to figure 10 ), the source distribution at St = 0.18 changes similar to that for decreasing the temperature at ambient static pressure. However, the source level here is increased by about 12 dB. This is due to not applying the decibel correction (equation 7), which predicts a difference of 11 dB, similar to that measured here. If the temperature is decreased and the static pressure is increased simultaneously (figure 11), the source distribution changes again and the source map shows two sources along the cylinder, one on the floor and one on the ceiling. In comparison to the previous results, the source level is significantly decreased by −21 dB compared to the source level at ambient temperature and increased static pressure. The differences in the source distribution at the vortex shedding frequency are probably a function of the Reynolds number. For different Reynolds numbers the span-wise correlation along the cylinder changes. This will affect the detection of the source, which -as discussed previously-cannot be considered as a compact source. The differences in source strength found for the different flow conditions will be discussed in the following in terms of the sound pressure level.
High frequency region (St = 0.28) The source maps representing the high frequency region (St = 0.28) show a similar source distribution for all cases. The cylinder source position can be clearly identified to lie along the cylinder axis. In addition, other sources and side lobes corresponding to the cylinder can be identified. The range of the color scales is always 4 dB, the maximum level is that appropriate for each third-octave Strouhal number band.
Spectra
The source maps were further processed using the maximum of the source map within the source area as discussed previously. Contrary to the source maps, the data have now been corrected using equation 7, where the different temperatures and static pressures are accounted for. Thus the emphasis here lies on differences due to the Reynolds number. The following figures compare spectra as a function of the Strouhal number at a Mach number of M = 0.25. The three different cases are:
• pstat = 110 kPa different temperatures at a constant ambient static pressure,
• T = 290 K different static pressures at a constant ambient temperature,
• T = 120 K different static pressures at a constant decreased temperature. Figure 12 shows the spectra for different temperatures at nearly constant ambient static pressure. The corresponding Reynolds numbers range from Re d = 12.7 · 10 3 to Re d = 43.7 · 10 3 . Each spectrum shows a peak at the vortex shedding frequency of the rod. For higher Strouhal numbers, smaller peaks arising from higher harmonics can also be identified. For decreased temperatures, the vortex shedding frequency is slightly shifted to lower Strouhal numbers. This corresponds to the well-known Strouhal-Reynolds number relationship. 13, 14 The sound pressure level at the vortex shedding frequency for T = 120 K is slightly increased (≈ +2 dB) in comparison to T = 290 K. Figure 13 shows the sound pressure level for different static pressures at a constant ambient temperature. To demonstrate the influence of the decibel correction (equation 7), the results are displayed without (top) and with (bottom) the correction factor. The corresponding Reynolds numbers range from Re d = 12.7 · 10 3 to Re d = 43.9 · 10 3 . As for the decreased temperatures, each spectrum shows a peak at the rod's vortex shedding frequency and smaller peaks arising from higher harmonics can also be identified. For increased static pressures, the vortex shedding frequency is slightly shifted to lower Strouhal numbers. This Strouhal number shift is similar to that shown for decreased temperatures; it is due to the same corresponding change of the Reynolds number. For the top figure the sound pressure level at the vortex shedding frequency for pstat = 402 kPa is significantly increased (≈ 10 dB) in comparison to pstat = 115 kPa. This can also be seen for the whole spectrum which is shifted by the same amount. With reference to equation 6 one can see that this is due to the change of ρ and a. The prediction results in a difference of 11 dB, which is similar to that measured. Using the decibel correction, the sound pressure levels at the vortex shedding frequencies in the bottom figure are similar to that shown for decreased temperatures; again this is due to the same corresponding change of the Reynolds number. According to Zdravkovich, 15 the fluctuating lift coefficient decreases rapidly for Reynolds numbers greater than approximately 100 − 200 · 10 3 . For that Reynolds number the near wake of the cylinder is disturbed by the first onset of transition in the free sheer layers. The decreased fluctuating lift coefficient leads to a decreased coefficient C S (see equation 6 ) and thus to an attenuated sound pressure level.
IV. Conclusions
The DLR is planning to perform microphone array measurements at pressurized and cryogenic conditions in the European Transonic Windtunnel (ETW). A microphone array has been developed and constructed for a proof-ofconcept study in the Pilot-ETW in order to evaluate the applicability for the combined cryogenic and pressurized environment. Preliminary sensor tests to obtain the frequency response showed that the frequency response of the condenser microphones used here varies strongly with varying static pressure and temperature. As an important result, temperature and static pressure dependencies of the frequency response were shown to be mutually dependent on each other. Subsequently, acoustic array measurements were performed in the pressurized cryogenic wind tunnel PETW for various temperatures in the range 120 K < T < 290 K and various static pressures in the range 110 kPa < pstat < 400 kPa, using a single-rod configuration. The experiments demonstrated the technical feasibility of aeroacoustic array measurements in an environment that is both pressurized and cryogenic. A decibel correction considering the pressure and temperature effect in the test section on the radiated noise from the cylinder is introduced and shows very good agreement with the measured data. Also the results demonstrated the Reynolds number dependency of the measured sound pressure level and the source distribution along the cylinder axis.
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